It is known that the interface nitrogen density of the 4H-SiC Si-face, C-face, and a-face increases as a result of the NO-POA process, that the electron mobility increases as the nitrogen density increases, and that each face has a different interface nitrogen saturation density. In contrast, the anisotropy of the nitridation characteristics of the m-face, which is regarded as a promising channel for high-performance trench MOSFETs, is not well known. To identify the nitridation status of the m-face after NO-POA, the MOS interface structures with a SiO2 formed on m-face by CVD and treated by NO-POA was investigated by SIMS, HAXPES, XPS, and XAFS. In the same way as the other faces, it was found that the nitrogen segregates on the SiO2/SiC MOS interface, that most of the nitrogen combines with Si, and that the interface nitrogen density has a unique saturation value. The nitrogen density saturation value on the m-face measured by SIMS was 9.8 × 10 14 cm −2 . This value is approximately 1.5 times the exposed carbon density on the top surface of the m-face.
INTRODUCTION
Silicon carbide (SiC) has excellent material characteristics for power semiconductor devices, such as high electric field breakdown strength and high thermal conductivity [1, 2] . However, one issue of SiC devices is the difficulty of obtaining the expected low on-resistance characteristics because of the low electron mobility of the MOS interface due to its high interface trap density (D it ) [3] . Recently, the nitric oxide post-oxidation annealing (NO-POA) process has been widely recognized as a very effective approach to reduce D it and improve on-resistance [4] [5] [6] [7] [8] . This process increases the MOS interface electron mobility by segregating nitrogen on the MOS interface and reducing the D it near the conduction band, which is known to depress mobility. Consequently, it is very important to know the nitridation status at the MOS interface. The adoption of a trench MOS gate structure is also regarded as another promising way to reduce on-resistance because of its larger per-unit area gate width compared to a normal planar gate structure [9] [10] [11] [12] . When a trench MOSFET is fabricated on a mass production commercial Si-faced SiC wafer, the MOS channel surface is formed at one of the a-face, m-face, or the face between them. Although the a-face and m-face reportedly show higher mobility than the Si or C faces, less is known about the characteristics of the gate interface compared to the Si or C faces [13] . Especially, there are no reports describing the anisotropy of the nitridation status of the m-face after the NO-POA process, which has a direct impact on mobility [14] .
The research described in this paper investigated the nitridation status of the MOS interface structures on the m-face by SIMS, HAXPES, XPS, and XAFS. This was accomplished by carrying out NO-POA after forming a SiO 2 film by low-pressure chemical vapor deposition(LP-CVD). This paper also considers the NO-POA nitridation mechanism of the m-face MOS interface.
II. EXPERIMENTAL DETAILS
1.5-inch m-faced heavy doped n-typed 4H-SiC wafers with 5 µm epitaxial layers doped to a concentration of 1× 10 16 cm −2 were used in this study. A Si-faced 4-inch wafer with the same doping concentrations and epitaxial layer thickness was used as a reference. After forming a 75 nm SiO 2 film by LP-CVD on the surface of the wafers, NO-POA was carried out in NO (10%) gas at 1 atm at 1000, 1150 and 1300
• C for 30 minutes on the m-face wafers, and under the same gas conditions at 1300
• C for 30 minutes on the Si-face wafer.
The interface structure was analyzed by secondary ion mass spectroscopy (SIMS), hard X-ray photoelectron spectroscopy (HAXPES), X-ray photoelectron spectroscopy (XPS), and X-ray absorption fine structure (XAFS).
SIMS was used to obtain the depth profile of N from the SiO 2 film to the SiC substrate. This study defined the MOS interface nitrogen density as the total number of ni-trogen atoms between −6 and +6 nm of the MOS interface per unit area (cm −2 ). Although the detailed conditions of the SIMS measurement have not been disclosed by the SIMS engineering service company, the MOS interface nitrogen saturation density is reported to be 4.8×10 14 cm −2 at 1 atm and 1150
• C after a 4-hour NO-POA process on the Si-face of a 4H-SiC wafer. In addition, the error on SIMS data of the nitrogen density was reported to be 20% in comparison to nuclear reaction analysis (NRA) results [15, 16] . This study references this saturation density value and SIMS error when discussing the absolute value of nitrogen density.
The HAXPES analysis utilized the SPring-8 BL47XU beam line with the objective of analyzing the chemical bonding state of the N at the interface. The incident Xray energy was set to 7944 eV and the photoelectron takeoff angle was set to 89
• . Due to the high kinetic energy of these photoelectrons(at least 6 keV), information can be obtained simultaneously from the MOS interface, SiO 2 bulk, and SiC crystals when the SiO 2 film is less than 10 nm. Therefore, hydrofluoric acid (HF) etching was carried out before the analysis to reduce the maximum SiO 2 thickness to 10 nm.
The XPS analysis utilized a PHI-5500 device and the MgKα line X-ray source. The photoelectron take-off angle was set to 45
• . As XPS has the same measurement principle as HAXPES, the chemical bonding state of N can be analyzed. Because the incident X-ray energy of XPS is smaller than that of HAXPES, all SiO 2 was removed by HF wet etching. Therefore, the measurement depth is around 1 to 2 nm from the surface of the SiC crystal, and this research attempted to separate the information obtained from the SiO 2 bulk and SiC crystals by subtracting the XPS data from the HAXPES data.
The XAFS analysis utilized the Aichi SR BL-7U beam line X-ray source and electron yield X-ray absorption spectrum measurement method with the objective of analyzing the chemical bonding state of N by a different analysis principal from HAXPES and XPS. The measured XAFS spectra were compared to XAFS spectra obtained by first-principle calculation, and the bonding states of the N were estimated. All SiO 2 was removed by HF wet etching and the interfaces were directly measured.
III. EXPERIMENTAL RESULTS

A. SIMS measurements
Figure 1(a) shows the N profile SIMS measurement results of the samples annealed in NO at 1000, 1150 and 1300
• C for 30 minutes. All the N concentration peaks are set at 0 nm. The measured data of Si, C, and O (not shown) confirmed that N segregates on the MOS interface. When the NO-POA process time was set to 30 minutes, the density and concentration of N in both the SiO 2 film and the interface increased in accordance with the annealing time. Figure 1 (b) shows the N profile SIMS measurement results of the m-face samples annealed in NO at 1300
• C for 30 and 90 minutes, and the Si-face sample annealed in NO at 1300
• C for 30 minutes as a reference. The measured MOS interface N densities are summarized in Table I at 1300
• C, the N density became saturated at 30 minutes and the saturation value was 9.8 × 10 14 cm −2 . In contrast, when the Si-face sample was annealed under the same conditions, the N density reached 4.8 × 10 14 cm −2 , which is about half of the m-face saturation density. This Si-face N density is almost the same as the reference data mentioned in the SIMS description above. Therefore, the SIMS measurement error in this research is also expected to be less than 20%. Dhar et al. reported that the N densities of a Si-face, C-face, and m-face annealed in NO at 1175
• C became saturated within 30 minutes and that each face has a different saturation value [16] . This study found that the m-face has the same N density saturation behavior as the other faces and that the m-face satura- Fig. 1(a) appear to show that the saturation value has temperature dependence. However, since it has been reported that N density saturation values are not temperature-dependent at the Si-face, C-face, and mface [16] , it is likely that the N densities after 1000
• C and 1150
• C annealing for 30 minutes had not yet reached saturation point. In addition, although the half value width is almost 3.4 nm in the SIMS measurement results shown in Fig. 1(a) and (b), the N distribution area is expected to be narrower than 1 nm because of SIMS resolution limitations and previously reported information [16] . Figure 2 shows the Si 1s, O 1s, C 1s, and N 1s photoelectron spectra obtained by HAXPES. With respect to the binding energy axis, the SiC peak position of the 1000
B. HAXPES and XPS measurements
• C sample was determined to be 1840.6 eV by fitting the SiO 2 peak of the Si 1s spectrum to the value quoted in the literature [17] . The SiC peaks of all the other samples were assumed to have the same binding energy. Consequently, the spectra of the other elements were shifted in accordance with the difference between the above value and the measured values. After carrying out this calibration, the SiC peak positions in the C 1s spectra of every sample matched, thereby confirming the accuracy of this analysis. The peak detected at 397.8 eV in the N 1s spectra was assumed to be Si-N bonding [8, 17, 18] and all samples had the same Si-N bonding status. In these graphs, each bonding energy peak value is set as 1. The noise in the N 1s spectrum of the 1000
• C sample is due to the greater thickness of the remaining SiO 2 compared to the other samples, as evident from the SiO 2 peak height of the Si 1s signal. In addition, the N density itself is smaller than the other samples, as identified from the SIMS measurements. These results confirmed that Si-N bonding is dominant for N. Figure 3 shows the N 1s HAXPES photoelectron spectra of the 1000, 1150, and 1300
• C samples. Because the 397.8 eV spectrum indicates that N forms three chemical bonds with Si, it is assumed that most of the N at the SiO 2 /SiC interface replaced C. Furthermore, since all the N 1s HAXPES spectra sweep toward the higher energy side, the N 1s spectra were fitted using a set of three Gaussian representations [19] . Samples at all the NO annealing temperature showed a Si 2 -N-O bonding signal strength of around 10% to 20% of the main Si-N signal value, and the existence of Si 2 -N-O bonding with a similar ratio may be assumed on the interface. Figure 4 shows the N 1s XPS photoelectron spectra of the 1000, 1150, and 1300
• C samples. These spectra were also fitted using the same three peak values as adopted for the HAXPES analysis. Regardless of the bonding states, most of the N is expected to exist at the SiC crystal side on the SiO 2 /SiC interface because the XPS spectra are similar to the HAXPES spectra at each annealing temperature. Furthermore, the XPS spectra, which do not include information from the SiO 2 film side, showed less temperature dependence. However, the HAXPES spectra showed a slight temperature dependence at high energy bonding states. This result indicates that the N bonding states in the SiO 2 bulk were more affected by temperature than the bonding states at the SiO 2 /SiC interface within a temperature range from 1000
• C to 1300
• C.
C. XAFS measurements
In Fig. 5 , the lower three lines are the XAFS experimental results and the upper six lines are the XAFS spectra of several assumed N statuses obtained by first-principle calculation as references to identify the XAFS experimental results. The XAFS spectra of samples with a NO-POA temperature of 1150 and 1300
• C closely resemble the calculated XAFS spectra of Si 3 N 4 in which N replaces the C in SiC crystals. The XAFS spectrum of the 1000
• C annealing sample has only a distant resemblance to the calculated references. This is probably due to the lower N interface density, which is not sufficient to absorb the characteristic X-ray energies of N bonding. In contrast, characteristics such as the replacement of Si in the SiC crystal by N or interstitial N are not observed at all. Incidentally, the XAFS N spectrum overlaps the XAFS C spectrum and the peak at around 420-430 eV is in the XAFS spectrum, which does not appear in the obtained XAFS spectra.
The XAFS analysis results show that NO-POA process conditions of 1000
• C and 30 minutes are not enough to complete nitridation of the SiO 2 /SiC interface. N on the interface forms chemical bonds mainly with Si, and N is likely to replace C in the SiC crystal. These results agree closely with the results of SIMS, HAXPES, and XPS.
IV. DISCUSSION
This research investigated the N state of a SiO 2 film deposited by LP-CVD on the 4H-SiC m-Face after NO-POA. It was found that most of the N segregates only on the SiO 2 /SiC MOS interface, most of the N combines with Si, Si-N bonding is dominant for the N on the interface, N is likely to replace C in the SiC crystal, and the N density saturates. The segregated N distribution area is very thin, and is expected to be narrower than 1 nm. These m-face characteristics are similar to the Si-face, Cface, and a-face. Each face has a unique saturation value, the saturation value of the m-face was identified for the first time as 9.8 × 10
14 cm −2 .
The N saturation densities of NO-POA at 1 atm were previously reported to be 4.8 × 10
14 cm −2 [15] and 3.5 × 10 14 cm −2 on the Si-face and 1.06 × 10 15 cm −2 on the Cface [16] , which can be compared to the amount of monolayer C on each face. The calculated amount of monolayer C on each face is shown in Table II . The ratio of N to C on the Si-face is almost one-third and the ratio on the C-face is almost one. In the case of the a-face, the saturation N density was reported to be 0.95×10 15 cm −2 [16] and the ratio of N to C on the a-face is also almost one. Pennington et al. reported that the energy per surface cell on the Si-face became smallest when the amount of N near the surface is one-third of the amount of the C mono-layer [20] . This report demonstrated the possibility that the saturation N density is decided by the existence probability of N atoms. In contrast, neither the saturation amount nor saturation mechanism of N on the m-face has been reported. In this experiment, the nitrogen density saturation value on the m-face measured by SIMS was 9.8 × 10 14 cm −2 . Since the C density on the top surface of the m-face is 6.5 × 10 14 cm −2 , the ratio of N to C is approximately 1.5. Therefore, it is likely that the saturation N density of the m-face is determined by a different mechanism than the other faces. Figure 6 shows a 4H SiC m-face ball and stick model. Four C and Si atoms are included in one 4H SiC unit cell and, looking at the layout of the C atoms on the m-face, C atoms repeatedly appear in a 2:1:1 rotation. For convenience, this paper defines each plane that includes C atoms as the 1st, 2nd, and 3rd internal plane from the top surface. Each plane is parallel with the m-face and exists at equal intervals in the vertical direction of the m-face. Based on the experimental results, C atoms on both the 1st and 2nd planes are likely to be replaced by N simultaneously during NO-POA of the m-face.
V. CONCLUSIONS
The N states on the SiO 2 /SiC interface after NO-POA were investigated in detail by SIMS, HAXPES, XPS, and XAFS. It was found that most of the N combines only with Si at the SiC crystal side, which may be established by replacing C on the interface with N. The saturation N density of the m-face is around 9.8 × 10
14 cm −2 , 1.5 times that of the C density on the m-face top surface. This is the first report to identify that the Si-face, C-face, a-face, and m-face have different saturation N densities and a different N to C ratio. Furthermore, this paper also showed that the m-face has three internal planes that appear at equal intervals in the vertical direction of the m-face, which include a C ratio of 2:1:1. It was suggested that the unique saturation N density of the m-face may be decided by the concurrent nitridation reaction of the 1st and 2nd planes during NO-POA.
